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ABSTRACT

A photoresponse model has been developed for the Si1-xGex/Siheterojunction internal
photoemission (311P) infrared detector at wavelengths corresponding to photon energies less than
the Fermi energy. A Si(.7Ge.3/SiHIP detector with a cutoff wavelength of 23 pm andan
emission coefficient of 0.4 ¢V-1has been demonst ated. The model agrees with the measured

detector response at A >8 um. The potential barrier determined by the model is in close
agreement (difference -4 meV) with the potential barrier determined by the Richardson plot,
compared to the discrepancies of 20-50 meV usually observed for PtSi Schottky detectors.

I. INTRODUCTION

Previously, SixGel -x/Si heterojunction internal photoemission (HIP) long-wavelength
infrared (1LWIR) detectors [1-51, and 400 x 400-element imaegr arrays have been demonstrated
[4,5). The concept of utilizing free-carrier absorption and internal photoemission over a
heterojunction barrier for JR detection was first proposed by Shepherd er. al. [6]. The advantage
of the SixGe1-x/SiHIP detectors is that they are fabricated on Si substrates, and consequently
can be integrated with Si readout multiplexersto formlarge LWIR focal plane arrays. The
SixGe1-x/Si HIP detector is essentially a p*-SixGe1. x/p-Si heterojunction unipolar diode, which
responds to infrared radiation via free-carrier absorption in the degenerately doped Sii-xGex
layer followed by the internal photoemission of photo-excited holes over the SixG e1-x/Si
heterojunction barrier into the Si substrate. The cutoff wavelength of the SixGe1-x/SilllP

detector, determined by the optical potential barrier ‘I’., is given by
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e = ¥, Aby- (Bii-Ey) (1)

where Ably is the SixGe1-x/Si valence band offset. This offset increases with increasing Ge
composition in the SixGe1-x layer. Ev and iz are the. valence band energy ant] the Fermienergy
of the SixGe1-x layer, respectively. The cutoff wm~e.length of the SixGe1-x/Si HIP detector can
be tailored to the LWIR region by reducing the Ge composition and increasing the boron doping
concentration of the SixGel-x layer{1,2,5]. Furthermore, duc to the increasing free-carrier
absorption with increasing wavelength and dopant concentration [2,3], the SixGey-x/SilllP
detector is well-suited for 1.WIR detection, in which degenerate boron doping concentrations are
desirable for efficient detector operation.

The spectral response of the Sij-xGex/Si 1111° detector differs from that of otherinternal
photoemission detectors, such as the PtSiSchottky detector. lor the silicide Schottky detector,
the spectral response is given by the modified Fowler equation | 7]:
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where Cl is the Fowler emission coefficient, hv is the photon energy, ¥, is the optical potential

barrier, A is the wavelength, and A is the cutoff wavelength, given by Ac =1.24/¥,. The Fowler
emission coefficient Cpis given by

A
Ci= SEF (3)

where A is the absorptance and EF is the Fermi energy. The optical potential barrier Y’. can be
determined from the detector spectral response by lincarizing Eq. (2):

A hv= VCT (v - Yo) (4)

in contrast to the spectral response of the silicide Schottky detector, which decreases
monotonically with increasing wavelength (Eq. 2), the response of the SixGe1-x/SiI11P detector
increases initially with increasing wavelength, and then decreases monotonically to zero at the
cutoff wavelength [1-5]. Consequently, the modificd Fowler equation is not applicable to the
SixGe1.x/Si HIP detector. This is due to two major differences between the semiconductor
properties of the degenerately doped p-t ypc Si 1-xGex layer and the metallic properties of the
silicide. First, the IR absorption of the Si 1.xGex layer increases with increasing wavelength, as
compared to the wavelength-independent absorption for the sil icide. Second, t he Fermi energ y
of the Si 1-xGex layer is significantly smaller than that of the silicide. For the silicide, the Fermi
energy is much larger than the photon energy and the density of states is approximately energy-
independent in an energy range from EF to (B -t- hv). For the S 1.xGex, the Fermi energy is
determined by the doping concentration, and the density of states g(E) is given by

(1) =N @ - B0, (5)
where N is an energy-independent constant,

Previously, a theoretical model for the internal quantum efficiency of the SixGej.x/SiHIP

detector was reported by Tsaur et al. [5]. The model was developed for the region hv >> Ej:, and
the wavelength-dependent absorption was not considered. Because degenerate boron
concentrations in the SixGe1-x layers are usually required to obtain a strong infrared absorption, ~
the Fermi energies are usually several hundred meV. For example, an estimated Fermi energy of
0.15 ¢V has been previously reported [2,3]. Therefore, the previous model can only be applied in

the shorter wavelength regime, i.e., for A <<1.24/EF, and is not applicable for the determination
of the optical potential barrier W,

The determination of the optical potential bariier ¥ of the SixGe1-x/SiHIP detector is
critical for the study of the potential discrepancy between the optical and the thermal potential
barriers. Previously, it has been reported that for the silicide Schottky detector, the thermal

barrier ¥ is usually 20-50 meV lower than the optical barrier Yo[6]. As a result, more cooling
is required for the silicide Schottky detector compared to detectors with the same cutoff
wavelength but without the discrepancy in potential. The cooling penalty worsens as the cutoff
wavelength incrcasesand the potential discrepancy becomes comparable to the decreasing




potential barrier. The thermal potential barrier ¥/, of the SixGe1-x/Si HIP detector can be
determined by the Richardson’s plot:

v
111(7*]%) =< L+ i (AYY). ©6)

The dark current density Jo is dominated by the thermionic emission current [3-5], given by the
Richardson equation:

Jo= A** T2 exp (-¥y/ kT), (7)

where A** is the Richardson constant, ‘J’ is the absolute temperature, and K is Boltzmann
constant. Therefore, a response model for the deter minat ion of the optica potential barrier of the
SixGe1-x/STHIP detector is required for the study of the potential barrier discrepancy.

Furthermore, it is important to model the detector response closc to the cutoff wavelength,
since a fast response increase as the wavelength decreases from the cutoff will allow the detector
to have useful sensitivity near the cutoff, thereby minimizing the extension of the cutoff
wavelength and associated cooling requirements. Thus, a response model which predicts the
detector response at wavelengths near the cutoff wavelength will not only determine. the optical

potential barrier Yo, but also provide a figure-of-merit for evaluating the SixGel.-x/SiHIP
detector.

In this paper, a response model for the SixGe1-x/SiHIP detector is presented. The model
predicts the spectral response at wavelengths ranging from the wavelength corresponding to the
Fermi energy to the cutoff wavelength. A Sig.7Geq.3/SiHIP detector with a 23 um cutoff
wavelength has been fabricated and characterized. The detector photoresponse agrees with the
prediction of the theoretical model. The optical barrier of the SiQ.7Ge( 3/Si HIP detector has

been determined by the model and compared with the thermal barrier.
[I. THEORETICAI. MODEI,

The quantum efficiency (QE) is defined as the ratio of the collected holes N_to the incident
photons Np, i. e.,

Ne
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where NT is the number of photo-excited holes. Under the zero-temperature approximation, and
assuming Ev = 0O, N.is given by
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where g(F) is the density of states given by lq. 5 and p(I<) is the pro bability of emission of
photo-excited holes over the energy barrier, given by
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because a momentum normal to the Siq. xGex/Si interface with a corresponding energy greater
than EF+Yo is required for the emission of photo-excited holes.

As mentioned previously, determining the optical barrier and the spectral response near the

cutoff wavelength are the primary concerns, so the analysis will be limited to the case hv < EF.
Due to the degenerate doping concentration of the Si 1-xGex layer, holes popul ate states from the
edge of the valence band to the Fermi level. The number of photo-excited holes, N, is given by

Ep+hv

NT = [NEOS gk
EE

= N hv Eg0-5 for hv << Ef, (11)

Therefore, n is given by
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where the emission coefficient Ch is given by

’ A
Ch= ——Hxc——~—""~% , (13)
T g ER0S BR + Wg)0-5
because the infrared absorptance A isrelatively wavelength-independent in the long wavelength
region as reported previously [2,3]. Thus, the photorcsponse of the SixGe 1-x/Si HIP detector for
hv << EF can be modeled by Eq. 12, which is similar to the modified Fowler equation. Both the.

optical potential barrier Yo and the emission coefficient Ch for the SixGe 1-x/Si HIP detector can

be determined by the plot of \/ n hv versus hv for hv << Ey.. The similarity between this model
and the modified Fowler equation is duc to the fact that photons with energy hv << Ef can only

excite holes populating states from EE-hv to E g in the degenerate] y doped Sig7Geg.3 layer,
which is similar to the case for the Schottky detector.

111. DETECTOR FABRICATION

The Si0,7Ge(.3/Si HIP detector was fabricated by growing hetero-epitaxial Sig.7Geo 3
layers on double-side polished p-type Si (10()) wafers by molecular beam epitaxy (MBE) which
provided abrupt and tailored doping profiles and a good crystal linity[ 3]. The device structure,
incorporates pi--substrate contacts and n-type guard rings which define the periphery of the
active device areas to suppress edge leakage. Prior to the MBE growth, the wafers were cleaned
using the “spin-clean” method, which involves the removal of’ a chemically grown surface oxide
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using an HF/ethanol solution in a nitrogen glove box[9]. The p*-Sig.7Geo.3 layer was grown in a
commercial Riber EVA 32 SiMBE system at a substrate temperature of 350 °C. Elemental
boron was used as the dopant source during the MBI growth toachieve a doping concentration

of 5x 1020 cm'3. The Sig.7Geg 3 layer was 10 nm thick.
V. DETECTOR CHARACTERISTICS

The reverse current-voltage (I-V) characteristics of the Si().7Ge.3/Si HIP detector were
measured at temperatures ranging from 25 to 50 K. Figure 2 shows the reverse-bias 1-V
characteristics of a typical 10-rim-thick Sig7Geg 3/SiHIP detector with a detector area of 1.2 x
10-3 ¢cm2. The dark current of the Sig.7Gep.3/S1 HIP detector was dominated by the thermionic
emission current. Figure 3 shows the plot of Jo/1? vs 1/kT of the Sip,7Gep 3/Si 111P detector at

-0.5 V bias. The active area of the detector was 1.2 x 10-3 cm’. A thermal potential bat-rim- 't

of 0.050 eV was determined from the slope of the linear portion. The effective barrier 't was
significantly lower than the expected valence band offset Aly (-0.2 eV) between Si and

Sig7Gep3 due to the degenerate doping concentration (5 x ]020011)‘3) of the Sip.7Gep.3 layer
which moves the Fermi level below the valence band edge, i.e.,

¥y = AEy - ER. A9

From Eq. (14), the Fermi energy EF in the degenerately doped Si().7Ge(.3 layer was estimated to

be -0.15 eV. Therefore, for A > 8§ um, Eq. 12 can be used as a model for the photoresponse of
the SiQ,7Ge.3/S1 HIP detector.

The external quantum efficiency m for the Sig,7Ge.3/Si HIP detector is shown in Fig. 4.
The detector was cooled to 30K and biased at -0.5 V. The spectral response was measured with
front-side illumination using a 940K blackbody source. Also shown in Fig.4 is the spectral

response of a doping-spike PtSi Schottky detector [ 10] with C1=0.15 eV-1,¥t=0.032 eV, and

Y’. = 0.056 eV, corresponding to a cutoff wavelength of 22.1 ptm for comparison. Neither the
Sig7Gep 3/S1 HIP detector nor the doping-spike PtSi detector had an optical cavity or an anti-
reflection coating. The doping-spike PtSi detector was cooled to 20 K and back-side illuminated.

The QE of the doping-spike PtSi detector decreased with increasing wavelength, while the QE of

Si0.7Ge(.3/Si HIP detector increased initially with increasing wavelength to -8 % at 4-5 um,

and then decreased because of the decreasing internal photocmission probability over the

heterojunction barrier as the energy of the photo-excited carriers decreased. The initial increase

of efficiency of the Sig 7Gep.3/SiHIP detector resuited from the increase of the free-carrier.
absorption 11]. At wavelengths larger than 2 um, the QE of the Sip 7Gep 3/Si HIP detector was
significantly higher than that of the doping-spike PtSi detector.

Figure 5 shows the pilot of\ﬁ;}wv versus hv for the Sig.7Geo3/S1HIP detector. A'S
predicted by the preceding analysis, for hv << Lf: (Jig.11) the plot was linear, and both Ch and
Yo can be determined from the slope and the intercept of the linear portion. An optical potential

barrier Y’'. of 0.054 eV, corresponding to a cutoff wavelength of 23 pm, was determined. in
contrast to the 24 meV and the 20-50 meV potential discrepancies observed for the LWIR
doping-spike PtSi detector [ 10] and the conventional PtSi detectors reported previous] y [6], a
small difference between the optical barrier (0.054 ¢V) and the thermal potential barrier (0.0.50
cV) was observed for the Sig7Gep.3/SiHIP detector, suggesting that the photo-excited holes
suffer less inelastic scattering in the Sig 7Geg 3 layers. The coefficient Ch was determined to be
(.4 e¢V-'for the Sig,7Ge(.3/SiHIP detector, comparedtoa0.15¢V-"C1 for the doping-spike
PtSi detector 171, The larger emission coefficient of the Sig 7Ge(). 3/Si HIP detector resulted
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mainly from its smaller Fermi energy [10], The 0.4 ¢V-1Ch observed was approximately twice
the calculated value of 0.18 eV-1 from Eq. 13 because the model did not take the scattering of
the photo-excited carriers into consideration. Elastic scattering of carriers at the SixGe1.x
surface redirected the carriers toward the SixGe1-x/Si interface, and thus increased the emission
coefficient.

V. SUMMARY

A model has been proposed for the spectral response of the SixGe1-x/Si HIP detector at
wavelengths with corresponding photon energies less than the SixGe1-x Fermi energy. The

model agrees with the spectral response of the SiQ,7Ge(),3/Si HIP detector at A > 8 um. Similar
optical and thermal barriers were observed for the Si(.7Ge(.3/Si HIP detector, in contrast to the
20-50 meV discrepancies usually observed for PtSiSchottky infrared detectors. An emission
coefficient Cp, of 0.4 eV-1 was determined for the NIP detector with a 10-rim-thick Sig.7GeQ.3

layer doped with 5 x 1020 cm®boron.
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FIGURE CAPTIONS
The energy band diagram of the Si 1.xGex/Si HIP detector.

Reverse current-voltage characteristics of a typical 10-rim-thick Sig.7Geg.3/Si HIP
detector with a 1.2 x 10°3 e’ detector area at various temperatures.

Plots of Jo/T2 versus 1000/T for atypical 10-nm-thick Sig7Gep 3/SiHIP detectors at a
reverse bias of 0.5 V.

External quantum efficiency as a function of wavelength for the Sig.7Geg 3/Si HIP
detector and the doping-spike PtSi detector.

Modified Fowler Plot of | hv-versus hv for the Si0.7Geg3/Si 1111 detector at a

reverse bias of 0.5V. Ch and Y’. were. dctermined from the slope and the intercept of
the linear portion.
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Figure 1. The energy band diagram of the Sij.xGex/SilllP detector.
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Figure 2. Reverse current-voltage charagteristics of a typical 10-rim-thick Sig.7Geo.3/Si HIP
detector with a 1.2 x 10-3 cm? detector arca at various temperatures.
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Figure 3. Plots of Jo/T2 versus 1000/T for a typical 10-rim-thick Si0,7Gc0_3/§if111’ detectors at a
reverse biasof 0.5 V.
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Figure 5. Modified Fowler Plot of '\/;_hN versus hv for the Sig 7Geg3/SiHIP detector ata

reverse bias of 0.5 V. Ch and Yo were determined from the slope and the intercept of
the linear portion.




